A 249-nucleotide coding region instability determinant (CRD) destabilizes c-myc mRNA. Previous experiments identified a CRD-binding protein (CRD-BP) that appears to protect the CRD from endonuclease cleavage. However, it was unclear why a CRD-BP is required to protect a well-translated mRNA whose coding region is covered with ribosomes. We hypothesized that translational pausing in the CRD generates a ribosome-deficient region downstream of the pause site, and this region is exposed to endonuclease attack unless it is shielded by the CRD-BP. Transfection and cell-free translation experiments reported here support this hypothesis. Ribosome pausing occurs within the c-myc CRD in tRNA-depleted reticulocyte translation reactions. The pause sites map to a rare arginine (CGA) codon and to an adjacent threonine (ACA) codon. Changing these codons to more common codons increases translational efficiency in vitro and increases mRNA abundance in transfected cells. These data suggest that c-myc mRNA is rapidly degraded unless it is (i) translated without pausing or (ii) protected by the CRD-BP when pausing occurs. Additional mapping experiments suggest that the CRD is bipartite, with several upstream translation pause sites and a downstream endonuclease cleavage site. mRNA abundance is determined by the rates of transcription and mRNA decay. For example, changes in mRNA halflife affect the abundance of proto-oncogene and cytokine mRNAs during cell growth, differentiation, and neoplastic transformation. mRNA decay rates are regulated by cis-acting sequence determinants, mRNA-binding proteins, degradative endo-and exoribonucleases, and translation (4, 8, 11, 34, 42, 53, 64) .
mRNA abundance is determined by the rates of transcription and mRNA decay. For example, changes in mRNA halflife affect the abundance of proto-oncogene and cytokine mRNAs during cell growth, differentiation, and neoplastic transformation. mRNA decay rates are regulated by cis-acting sequence determinants, mRNA-binding proteins, degradative endo-and exoribonucleases, and translation (4, 8, 11, 34, 42, 53, 64) .
The link between translation and mRNA stability is the focus of this work. Six observations demonstrate this link (10, 22, 39, 45, 54, 58) . (i) Most mRNAs are stabilized in cells exposed to translation inhibitors. (ii) Mutations in the coding region can affect both translation and mRNA half-life. (iii) c-myc, c-fos, interleukin-2, and other mRNAs contain instability determinants in their coding regions; these determinants modify mRNA half-life in a translation-dependent manner. (iv) Factors that influence mRNA decay (ribonucleases and mRNA-binding proteins) can associate with ribosomes. (v) Poly(A) tract length, mRNA stability, and translation are interdependent. (vi) Premature translational termination enhances mRNA decay.
Translational elongation can be interrupted when ribosomes reach a translation pause site (55, 60) . Pausing can be induced by several factors, including mRNA structure (48) , the translation product itself (24) , mRNA-binding proteins (18) , signal recognition particle binding (30) , and tRNA abundance and rare codons (55) . Rare codons are underrepresented in the total mRNA population of an organism, and the tRNAs for rare codons are also relatively scarce (20) . Pausing occurs as a ribosome awaits entry of the scarce aminoacyl-tRNA into its "A site" (55) . Pausing correlates with mRNA instability in the yeast Saccharomyces cerevisiae (7, 17) .
Three observations suggested that translational pausing might also influence the stability of c-myc mRNA. (i) The mRNA contains an instability sequence within its coding region. This sequence, the coding region instability determinant (CRD), is located in the last 249 nucleotides of the coding region (59) . It functions independently of the AU-rich element to make the mRNA unstable (26, 27, 59, 62) . For example, when the c-myc CRD is inserted in frame within the coding region of ␤-globin mRNA, the resulting chimeric mRNA is destabilized (19) . ( ii) The CRD contains a higher than usual percentage of rare codons. (iii) The CRD must be translated to destabilize the mRNA (19, 59) . Placing a translational stop codon upstream of the CRD stabilizes the chimeric mRNA (19) .
Most cis-acting mRNA stability/instability determinants are also binding sites for proteins, and the c-myc CRD is no exception. The CRD interacts with a 68-kDa CRD-binding protein (CRD-BP), which contains two RNA recognition motifs and four hnRNP K homology domains. When the CRD-BP is bound to c-myc mRNA, the CRD of the mRNA is shielded from endonucleolytic attack (2, 12, 38) . The mRNA is then degraded only by an AU-rich element-dependent deadenylation pathway (5) . If the CRD-BP dissociates from the mRNA, the CRD becomes exposed to the endonuclease. The mRNA is then rapidly degraded by endonucleolytic cleavage within the CRD. This scenario would account, at least in part, for the rapid changes in c-myc mRNA abundance observed in starved or differentiating cells (13, 46, 50) . Since the CRD-BP is abundant during fetal life but is scarce or absent in adults, the CRD-BP might have a special role in regulating c-myc mRNA in utero (29) .
This CRD/CRD-BP protection model is consistent with in vitro and in vivo data but is difficult to reconcile with an efficiently translated mRNA. Why would such an mRNA require a protein to protect its coding region if ribosomes were actively translating that region? In fact, how could a CRD-BP even bind to a CRD that was covered with ribosomes? One answer might be related to the known links between c-myc mRNA translation and stability (see above). Perhaps c-myc mRNA is not efficiently translated because ribosomes pause within the CRD. As a result of pausing, a ribosome-free mRNA segment would be created between the pause site and the translation termination site. This unprotected segment could be cleaved by the endonuclease unless it was protected by the CRD-BP during the pause interval. After elongation resumed, the CRD-BP would dissociate from the mRNA, and translation would be completed.
Data presented here support this model. First, we show that CRD-containing mRNA substrates are translated inefficiently in tRNA-depleted reticulocyte extracts. Translation is increased by adding excess tRNA or by shifting the translational reading frame. Second, toeprint assays confirm that translational inefficiency results from ribosome pausing. Third, we show that mRNA abundance and, by inference, mRNA stability correlate with translational efficiency in cells.
MATERIALS AND METHODS

Plasmids.
The plasmids pSP6␤/cЈcGMG and pSP6␤/cЈcGGG, containing globin-Myc-globin (GMG) and globin-glyceraldehyde phosphate dehydrogenase (GAPDH)-globin (GGG) cDNAs, respectively, have been described (2, 19) . For in vivo expression assays, HindIII-XbaI fragments of the globin-Myc-globin and globin-GAPDH-globin genes (2) were inserted into plasmid pcDNA3 (Invitrogen), a eukaryotic expression vector. The resulting clones were named pcDNA3-GMG and pcDNA3-GGG, respectively.
All mutant CRD fragments were created by PCR and were cloned into pSP6␤/ cЈcGMG and pcDNA3-GMG to construct the cDNA and the gene, respectively, using the EcoRI sites that flank the CRD. PCR mutagenesis was performed as follows. Two fragments of the CRD segment with overlapping 3Ј and 5Ј ends were produced by PCR using primers containing altered nucleotides. The fragments were then hybridized with each other and extended. A second PCR was then used to amplify the extended fragments. We refer to this procedure as PCR ligation. The resulting DNA products were used for cloning.
The following mRNAs were synthesized from these DNAs. GMG-FS, carrying a frameshift of only the CRD segment, was made by deleting the first C and adding an extra G at the 3Ј end of the CRD segment (diagrammed in Fig. 2A ). Three additional point mutations were introduced to avoid premature translation termination at nonsense codons within the frameshifted segment. GMG*** is a GMG mRNA containing the same point mutations as GMG-FS. GMG*** mRNA was not translationally frameshifted. GMGmut1 has a change in c-myc codon 357 (CGA3AGA; R). GMGmt1,2 carries changes in c-myc codons 357 (CGA3CGG; R) and 358 (ACA3ACC; T).
The following mRNAs contained the indicated c-myc mRNA segments inserted into ␤-globin mRNA (diagrammed in Fig. 3 ): GM1779-1886G, nucleotides 1779 to 1886; GM1638-1709G, nucleotides 1638 to 1709; GM1710-1886G, nucleotides 1710 to 1886; and GM1779-1886G, nucleotides 1779 to 1886. The orientation and sequence of all clones were verified using a Big-Dye sequencing kit (Amersham). Translation of all mRNAs was initiated at the ␤-globin start codon and was terminated at the ␤-globin stop codon.
Plasmids used to produce antisense RNA probes for the primer extension assay were created as follows. Exon 1 and intron 1 of the ␤-globin gene were amplified from cgenglobin (2) by PCR and cloned into pcDNA3 (Invitrogen) to create globinE1-I1. To create the neomycin antisense construct Neo-pcDNA3, the first 300 nucleotides of the neomycin phosphotransferase coding sequence were amplified by PCR and inserted into pcDNA3 (Invitrogen). The actin probe was synthesized from the pTRI-␤-actin-mouse antisense template (Ambion).
Sequences of all oligonucleotides used for PCR amplification, mutagenesis, and sequencing are available upon request.
Reticulocyte lysate. Reticulocytes were obtained from New Zealand White rabbits made anemic with phenylhydrazine (21) . Cells were washed three times with ice-cold buffered saline and lysed with 1.5 volumes of water. The lysate was centrifuged at 2°C, 15,000 ϫ g, and the membrane-free supernatant was supplemented with hemin to a final concentration of 0.02 mM, creatine kinase to a final concentration of 0.05 mg/ml, and CaCl 2 to a final concentration of 1 mM.
Micrococcal nuclease was then added to a final concentration of 150, 300, 600, or 900 U/ml. The lysate was incubated for 20 min at 20°C, and EGTA was added to a final concentration of 4 mM to block further nuclease digestion. The lysate was aliquoted and stored at Ϫ70°C.
RNA synthesis. Capped mRNAs were synthesized with the mMessage Machine kit from Ambion using HindIII-linearized pSP6␤/c-based plasmids as templates. The quality and concentration of each mRNA were analyzed by electrophoresis in 6% denaturing polyacrylamide gels and by measuring the optical density (OD) at 260 and 280 nm. To generate antisense RNA probes for RNase protection assays, Neo-pcDNA3, glo-E1-I1, and pTRI-␤-actin-mouse were transcribed using the SP6-Maxiscript kit (Ambion) in reactions with 50 Ci of [␣- 32 For toeprint assays, the translation reaction was performed with complete, nonradioactive amino acid mixture for 0 or 15 min at 25°C. After the incubation, cycloheximide was added to a final concentration of 320 M. To study the effect of inhibitors using the toeprint assay, cycloheximide (final concentration, 320 M) or EDTA (final concentration, 5 mM) was added to the translation mixture. When reaction mixtures were incubated with EDTA, additional MgCl 2 (final concentration, 5 mM) was added back prior to performing the primer extension reaction.
Toeprint analysis. The toeprint extension inhibition assay was modified from previously described procedures (6, 16, 56) . 32 P-end-labeled primer (2 ϫ 10 6 cpm; complementary to c-myc nucleotides 1764 to 1739 or to GAPDH nucleotides 949 to 923) was added to 2 l of the translation reaction mixture. The reaction mixture was incubated for 5 min at 37°C, after which reverse transcription buffer (Gibco-BRL), deoxynucleoside triphosphate mix (final concentration, 0.25 mM), and dithiothreitol (final concentration, 10 mM) were added. The reaction was heated to 50°C for 2 min and immediately placed on ice. Superscript II reverse transcriptase (50 U; Gibco-BRL) was added, and the reaction mixture was incubated for 30 min at 30°C. cDNA was extracted using phenol-chloroform, followed by ethanol precipitation, and analyzed in a 6% denaturing polyacrylamide sequencing gel. Primer extension products were compared with a dideoxynucleotide sequence ladder obtained from the same 32 P-end-labeled primer and the same mRNA used for the toeprint assay. The sequencing reaction contained 0.16 mM dideoxynucleotide.
Cell culture and transfection. H4IIE cells, a rat hepatoma cell line containing small amounts of CRD-BP (unpublished observation), were cultured in ␣-minimal essential medium (MEM) (Gibco-BRL) supplemented with 10% fetal bovine serum (Gibco-BRL), 2 mM glutamine (Gibco-BRL), and 10 U of penicillinstreptomycin (Gibco-BRL) per ml at 37°C and 5% CO 2 . Then 5 ϫ 10 5 cells were seeded to a 60-mm dish 24 h before transfection. Just prior to transfection, cells were washed twice with 37°C phosphate-buffered saline (PBS) and overlaid with 1 ml of Optimem. Plasmid DNA (1 g) was mixed with 4.0 l of Plus reagent (Gibco-BRL) and 25 l of Optimem, and the mixture was incubated for 15 min at room temperature. Lipofectamine (4 l; Gibco-BRL) and Optimem (25 l) were added, and the mixture was incubated for another 15 min at room temperature. The DNA-Optimem solution was then added dropwise to the cells, which were incubated for 3 h at 37°C and 5% CO 2 . The DNA-Optimem solution was removed and replaced with growth medium, and the cells were harvested 36 to 48 h later.
RNA isolation and RNase protection analysis. Total RNA was isolated using RNAwiz solution (Ambion) and analyzed by RNase protection using the RPAIII kit from Ambion. The Glo-E1-I1 probe was used to detect chimeric globin mRNAs. Neomycin phosphotransferase RNA and actin RNA were analyzed in parallel as transfection and gel loading controls. RNase-protected RNA fragments were separated in a 6% denaturing polyacrylamide gel. RNA abundance was calculated based on the GMG or GGG signal and normalized using the actin and neomycin signals.
element in the 3Ј untranslated region and a CRD comprising the last 249 nucleotides of the coding region (nucleotides 1638 to 1886). A protein (CRD-BP) binds to the CRD and might protect the mRNA from rapid degradation during translational pausing. To test this model, we first compared the in vitro translation of two chimeric mRNAs, GMG and GGG. Each mRNA has a ␤-globin backbone into which a 249-nucleotide coding segment from c-myc or GAPDH mRNA was inserted (Fig. 1A) . The c-myc insert corresponds to the CRD. We chose to analyze chimeric mRNAs rather than full-length c-myc mRNA in order to focus solely on the coding sequences that destabilize c-myc mRNA.
To assess the translation capacity of GGG and GMG mRNAs under limiting tRNA conditions, each mRNA was translated in a "homemade" reticulocyte lysate that had been treated with micrococcal nuclease and was thus deficient in tRNA. GMG mRNA was inefficiently translated relative to GGG mRNA, and the ratio of GMG to GGG protein synthesis was inversely proportional to the nuclease concentration (Fig. 1B) . Three mechanisms could account Radiolabeled, capped GGG and GMG mRNA were incubated in reticulocyte lysate treated with micrococcal nuclease (600 U/ml). At the indicated times, total RNA was extracted and analyzed by electrophoresis in a polyacrylamide gel. (D) Stability of GGG and GMG proteins under translation conditions. GGG and GMG mRNAs were translated in reticulocyte lysate treated with micrococcal nuclease (600 U/ml). Translation was halted after 30 min by adding 2.5 l of RNase A (1 mg/ml) and incubating for 15 min at 37°C. Incubation was then continued for another 60 min at 30°C, during which time aliquots were harvested and analyzed by SDS-PAGE. Time zero indicates the start of the 30°C incubation. Radiolabeled proteins were visualized with a PhosphorImager. (E) Effect of additional tRNA on the GMG-to-GGG synthesis ratio. The indicated amounts of calf liver tRNA were added to reticulocyte lysate pretreated with 600 U of micrococcal nuclease/ml, and translation was performed as for panel B. Top: GMG and GGG protein synthesis in extracts supplemented with the indicated amounts of tRNA. Bottom: data quantification.
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To test the first possibility, radiolabeled, capped GGG and GMG mRNAs were incubated under translation conditions in reticulocyte lysate treated with 600 U of micrococcal nuclease/ ml. RNA was isolated and analyzed in a polyacrylamide gel. Both mRNAs were stable during the 30-min incubation (Fig.  1C) . To determine whether GMG protein was less stable than GGG protein, each mRNA was translated for 30 min under the same conditions as in Fig. 1A . The translation reaction was stopped by adding RNase A (see figure legend), and the reactions were then incubated for an additional 60 min at 30°C. GMG and GGG proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and both remained stable during the 60-min incubation (Fig. 1D) . Therefore, the inefficient production of GMG protein observed in Fig. 1B did not result from the instability of GMG mRNA or protein.
To determine if tRNA depletion lowered GMG mRNA translation, tRNA-depleted extracts were supplemented with additional tRNA. The GMG-to-GGG synthesis ratio increased at least sixfold, from 0.06 to 0.36, when 0.5 g of tRNA was added (Fig. 1E) . Therefore, the reduced translation of GMG mRNA observed in Fig. 1B resulted from a deficiency of tRNA in the reactions. This result implied that GMG mRNA was undergoing translational pausing in the tRNA-depleted extracts. GMG mRNA is still translated less efficiently than GGG mRNA in tRNA-supplemented reactions, for reasons we do not understand.
Rare codons and ribosome pausing in the c-myc CRD. The data in Fig. 1 suggested that ribosomes pause when they encounter rare codons in the c-myc CRD. It is unlikely that mRNA secondary structure reduced GMG translation, because tRNA supplementation would not be expected to alter mRNA structure (Fig. 1E) . To test the ribosome-pausing hypothesis further, we shuffled the codons in the CRD by generating a Ϫ1 frameshift mutant, GMG-FS. The frameshift was made by removing a single nucleotide at the 5Ј end of the CRD and adding a single nucleotide at the 3Ј end ( Fig. 2A) . The globin segments were unchanged. Therefore, the reading frame of the GMG-FS CRD was drastically modified with minimal change in overall mRNA structure. The Ϫ1 frameshift also generated three in-frame stop codons. To avoid premature termination in the frameshifted mRNA, each stop codon was changed at one base each to create a sense codon ( Fig.  2A) .
As a control for these changes, the same three internal codon changes were introduced into the wild-type CRD reading frame to generate GMG*** mRNA. GMG*** has essentially the same CRD sequence as GMG-FS mRNA, but GMG*** mRNA is not translated out of frame. GMG and GMG*** mRNAs were both translated relatively inefficiently (Fig. 2B) . Therefore, the three internal codon changes in GMG*** mRNA did not upregulate translation. In contrast, the translation efficiency of GMG-FS mRNA increased almost twofold (Fig. 2B) . This result confirms that rare codons, not extensive secondary structure, account for the translational inefficiency of GMG mRNA. GMG-FS translation in tRNAdepleted extracts (Fig. 2B) was not as efficient as GMG translation in tRNA-supplemented extracts (Fig. 1E) . A likely explanation for this result is that GMG-FS mRNA still contains a relatively high percentage of rare codons. (Rare codons comprise 29% and 25% of the CRD segments of GMG and GMG-FS mRNAs, respectively. In contrast, the GAPDH segment contains only 7% rare codons.) The fact that GMG-FS is more efficiently translated than GMG mRNA implies that at least some critical pause-inducing codons were altered in GMG-FS. This conclusion is supported by the experiments described below.
Role of the first 72 nucleotides in inefficient translation of CRD-containing mRNAs. To identify which portion(s) of the CRD contributed to translational pausing, chimeric globin-myc mRNAs containing different CRD segments were translated in vitro. GM1779-1886G and GM1710-1886G mRNAs lack the first 141 nucleotides and the first 72 nucleotides of the CRD, respectively, and were translated 2.5-fold more efficiently than wild-type GMG (Fig. 3) . In contrast, GM1638-1778G and GM1638-1709G mRNAs, which lack the last 108 nucleotides and the last 177 nucleotides of the CRD, respectively, were translated as inefficiently as GMG mRNA (Fig. 3) . Thus, the codons primarily responsible for GMG translational inefficiency are located within the first 72 nucleotides of the CRD.
Translational pausing at the first arginine codon of the CRD. To map the location of at least some GMG mRNA pause sites, we exploited ribosome toeprinting assays (transla-
Effect of a single-base frameshift on translation of CRDcontaining mRNA. (A) Diagrams of translated mRNAs. GMG, unmodified GMG mRNA. GMG-FS, 1 nucleotide was deleted at the 5Ј end of the CRD insert, and 1 nucleotide was added at the 3Ј end of the insert to maintain the reading frame to the end of the mRNA coding region. This Ϫ1/ϩ1 frameshift created three stop codons within the frameshifted segment. To avoid premature translational termination, each nonsense codon was modified to a sense codon by changing a single nucleotide. These changes are indicated by asterisks. GMG***, mRNA containing the three internal, single nucleotide changes of GMG-FS. GMG*** mRNA is read in the same frame as GMG mRNA. (B) SDS-PAGE and data quantification. Translation reactions were performed with reticulocyte lysate treated with micrococcal nuclease as for Fig. 1 . The translation efficiencies of GMG-FS and GMG*** mRNAs were normalized to that of GMG mRNA. The graph represents data from five experiments. Error bars show the standard deviation.
3962
LEMM AND ROSS MOL. CELL. BIOL.
on July 3, 2017 by guest http://mcb.asm.org/ tion-coupled primer extension) (16) . GMG and GGG mRNAs were translated for 0 or 15 min in tRNA-depleted reticulocyte extracts. Oligodeoxynucleotide primers for each mRNA were added, and the primers were extended by using reverse transcriptase. If ribosomes were paused upstream of the primer binding site, the primer would be extended until the polymerase encountered the stalled ribosome. The size of the extension product would then indicate the pausing site. Primers were used that annealed at the same relative positions within the GAPDH and CRD segments of GGG and GMG mRNAs, respectively. Primer extension with deproteinized GMG and GGG mRNAs generated predominantly full-length transcripts, showing that the mRNAs themselves do not contain blocks to reverse transcription (data not shown). In contrast, a strong toeprint signal was observed with translating GMG mRNA (Fig. 4, top) . A signal of comparable intensity was not observed with GGG mRNA. Three observations confirmed that the GMG toeprint signal was specific and was translation dependent. (i) The signal appeared only after translation had commenced (Fig. 4, compare lanes 8 and 9) . (ii) The signal was dependent on the association of GMG mRNA with polysomes. Reaction mixtures incubated for 15 min were exposed to EDTA to disrupt polysomes. Magnesium was then added, and primer extension was performed. Under these conditions, the toeprint signal was eliminated (Fig. 4, lane 10) . Therefore, the toeprint was dependent on polysome integrity and was not generated by mRNA cleavage products or by mRNA secondary structure. (iii) A toeprint signal was not observed when the translation elongation inhibitor cycloheximide was added to the reactions at the start of the 15-min incubation (data not shown).
The GMG toeprint signal mapped to a UUG leucine codon located 15 to 18 nucleotides downstream from the start of the CRD (Fig. 4, top, lanes 1 to 4, and bottom) . A single ribosome protects 30 to 35 nucleotides of mRNA, and the decoding site is located approximately in the middle of the ribosome (25, 51) . Therefore, the toeprint for a paused ribosome should map 15 to 18 nucleotides downstream from the pause site (6), which places the pause at the rare arginine codon CGA (Fig. 4,  bottom) (the CGA frequency is 6.3 per 10 3 human codons [35; http://www.kazusa.or.jp/codon/]). By exposing the autoradiograms for long periods, we observed additional pause sites downstream of the CGA (data not shown). These signals were neither as strong nor as reproducible as that resulting from the arginine codon. We conclude that ribosomes can pause at different sites within the CRD, but the first arginine codon is a particularly strong pause site. Further confirmation of this conclusion is that the CGA codon is eliminated in the frameshift mutant GMG-FS, which, in turn, is translated more efficiently than GMG mRNA (Fig. 2) .
Elimination of the toeprint signal by excess tRNA and codon dependence of the toeprint signal. Since excess tRNA enhanced the translation of CRD-containing mRNAs (Fig. 1E) , we asked whether tRNA supplementation would also eliminate the GMG toeprint signal. The prominent UUG toeprint was eliminated when 2.5 g of tRNA was added to the translation reaction mixtures (Fig. 5, lane 7) . We then asked whether changing the rare arginine codon (CGA) to a more common codon (AGA) would also eliminate the UUG toeprint. GMGmt1 mRNA, which contained the CGA-to-AGA change, did not generate the UUG toeprint (Fig. 6A, lane 7) . Therefore, the rare CGA codon is a true ribosome pause site. However, GMGmt1 translation did generate a new toeprint signal that mapped one codon downstream of the UUG (Fig.  6A, lane 7) . This signal corresponds to a ribosome pause at threonine ACA, which is the second CRD codon (Fig. 6A , middle sequence).
To confirm that the ACA codon is also a pause site, we translated mutant GMGmt1,2 mRNA, in which the arginine and threonine codons were both changed. No toeprint signal was observed with this mRNA (Fig. 6A, lane 9) . Therefore, both codons can function as pause sites, although ACA is not a particularly rare codon in humans (14.9 per thousand human codons [35; http://www.kazusa.or.jp/codon/]). To confirm that the first two codons of the CRD depress translational efficiency, the in vitro translation rates of each mutant mRNA were compared. GMGmt1 and GMG mRNAs were translated with comparable efficiencies (Fig. 6B) . This result was not surprising, because GMGmt1 mRNA contains the second (threonine) pause site, which should reduce translation efficiency even though the first rare codon was changed. GMGmt1,2 mRNA was translated almost twice as efficiently as GMG mRNA, confirming that both the arginine and threonine codons induce translational pausing and reduce translational efficiency.
Codon usage and mRNA expression in vivo. At least two codons within the first 72 nucleotides of the c-myc CRD contribute to translational inefficiency and ribosome pausing in vitro. The CRD is also an mRNA instability element in vivo (19) . Therefore, it was important to determine whether mRNA half-life in cells correlated with CRD translation in extracts. The prediction was that more efficiently translated mRNAs would be more stable and would accumulate to higher levels in cells. CRD-containing mRNAs were expressed in transiently transfected H4IIE cells (a rat hepatoma cell line). These cells were chosen because they express little or no CRD-BP (data not shown) and thus allow us to assess translational pausing and mRNA stability in an environment deficient in the CRDshielding protein. Each transgene contained the same backbone, the human ␤-globin gene. These transgenes are actively transcribed in cells and have been used successfully to compare mRNA half-lives in cells (19) . mRNA levels were assayed by RNase protection. The probe spanned the first globin intron, so that any signal would derive from mRNA, not pre-mRNA.
GGG mRNA was more abundant (more stable) than GMG mRNA (Fig. 7A) , consistent with previous data (19) . GM1710-1886G and GM1779-1886G mRNAs were translated more efficiently in vitro and were also more abundant than GMG mRNA in cells (Fig. 7A ). This result is also consistent with the FIG. 5. Elimination of ribosome pausing by added tRNA. GMG mRNA was translated for the indicated times at 25°C in reticulocyte lysate treated with micrococcal nuclease. Calf liver tRNA (2.5 g) was added to the indicated reaction prior to the 15-min incubation (lane 7). Primer extension inhibition analysis (toeprinting) was performed as in Fig. 4 . Symbols are as in Fig. 4.   FIG. 6 . Analysis of GMG mRNAs with rare to common codon changes. (A) Toeprinting of GMG, GMGmt1, and GMGmt1,2 mRNAs. mRNAs were translated for the indicated times at 25°C in reticulocyte lysate treated with micrococcal nuclease. Toeprinting analysis was performed as for Fig. 4 . Arrow on right, GMG mRNA toeprint signal. Arrowhead on right, GMGmt1 toeprint signal. Bottom, sequences of the first 36 nucleotides of the c-myc CRD segment of GMG, GMGmt1, and GMGmt1,2 mRNAs. In GMGmt1, the first arginine codon CGA (rare) is changed to AGA (common). In GMGmt1,2, the first arginine codon CGA (rare) and the second threonine codon ACA were changed to more common codons (CGG and ACC, respectively). The altered nucleotides are in larger type and are underlined. Arrows, positions of toeprint signals. Boxed codons, proposed ribosome pause sites. (B) Translation efficiencies of GMG, GMGmt1, and GMGmt1,2 mRNAs. Each mRNA was translated in vitro as for Fig. 1C . Codon changes are indicated by exclamation points. The translation efficiencies of the GMGmt1 and GMGmt1,2 mRNAs were normalized to that of GMG mRNA. The experiment was performed 10 times. Error bars show the standard deviation.
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on July 3, 2017 by guest http://mcb.asm.org/ hypothesis that ribosome pausing exposes the CRD to endonuclease attack, leading to mRNA destruction. GM1638-1778G mRNA contains the translation pause site but was slightly more abundant than GGG mRNA (Fig. 7A ). This observation was not peculiar to H4IIE cells, because GM1638-1778G mRNA was also relatively abundant in HO-15 cells, which express neither c-myc mRNA (32) nor the CRD-BP (data not shown). Therefore, the GM1638-1778G result seems inconsistent with a ribosome-pausing model, because GM1638-1778G mRNA contains the ribosome pause region and was translated inefficiently in vitro (Fig. 3) . This apparent inconsistency likely results from the fact that mRNA instability requires two processes, ribosome pausing and recognition of the CRD by an mRNA-degrading RNase. c-myc mRNA is cleaved in vivo at several sites within the CRD, two of which map close to or just downstream of nucleotide 1778 (15) . Therefore, GM1638-1778G mRNA lacks several nuclease cleavage sites, which could explain why it is more stable than GMG mRNA (see Discussion). GMG-FS and GMGmt1,2 mRNAs were translated relatively efficiently in vitro and were more stable than GMG mRNA in cells (Fig. 7B) . GMG*** and GMG mRNAs were translated inefficiently and were relatively unstable in cells. These data are consistent with a link between translational pausing and c-myc mRNA instability. GMGmt1 mRNA seems to be an exception. It was translated as inefficiently as GMG mRNA in vitro (Fig. 6B) but was more abundant than GMG mRNA in cells (Fig. 7B) . We suggest that this result is readily explained by differences in tRNA abundance between cells and tRNAdepleted translation extracts. The first CRD codon, CGA (Arg), is rare in human and rat cells (6.3 and 6.8 per 10 3 codons, respectively). Therefore, tRNA Arg (CGA) is probably rare in H4IIE cells, which explains why GMG and GMG*** mRNAs, both of which contain the Arg (CGA) codon, were unstable. In contrast, ACA is not a very rare codon in humans (14.9 per 10
3 ) or in rats (14.6 per 10 3 ). Therefore, H4IIE cells likely contain abundant tRNA Thr (ACA), which would reduce or preclude ACA site pausing and account for the relative stability of GMGmt1 mRNA in cells.
DISCUSSION
Our data help to explain the function of a coding region instability determinant in regulating c-myc mRNA half-life. Previous work indicated that the CRD is an endonuclease target site unless it is shielded by the CRD-BP (28, 38) . This model is particularly attractive for an mRNA such as c-myc, which must be degraded very rapidly during periods of starvation or differentiation. However, the model failed to explain how a protein could bind to the coding region if the mRNA was efficiently translated and the coding region was covered with ribosomes. The CRD-BP should be superfluous for an efficiently translated mRNA. Work reported here provides a rationale for the CRD-BP related to the observation that ribosomes pause within the 5Ј segment of the CRD. Pausing would generate a ribosome-free downstream region, which would be attacked by an endonuclease unless it was protected by the CRD-BP. After elongation resumed, ribosomes would displace the CRD-BP from the mRNA, and c-Myc protein synthesis would be completed.
Ribosome pausing accounts for three observations. (i) CRD-containing mRNAs are translated relatively inefficiently (Fig. 1). (ii) Placing a stop codon upstream of the CRD stabilizes the mRNA in cells (19, 59 ). This observation is probably related to the association of both the CRD-BP and the endonuclease with ribosomes (12, 28) . Thus, ribosomes might need to reach the 5Ј segment of the CRD in order for either protein to gain access to the downstream CRD (see also below). (iii) With one exception, CRD mutations that increase translational efficiency and reduce ribosome pausing in vitro also lead to increased mRNA stability in cells (Fig. 7B ). As noted above, this exception is readily explained by differences in tRNA abundance between cells and tRNA-depleted extracts.
We recognize that pausing seems to have only modest effects (twofold or so) on GMG mRNA translation. However, even a brief pause could have a major effect on the mRNA. We imagine pausing to be the starting gun for a race between the endonuclease and the CRD-BP for access to the (unprotected) CRD. The winner determines whether the mRNA is degraded or preserved, respectively. In either case, even the briefest pause might be sufficient for one of the proteins to gain access to the CRD. Therefore, our data showing a twofold change in translational efficiency are compatible with a measurable effect on c-myc mRNA metabolism. Translational pausing or inefficiency in vitro maps to two codons, arginine CGA and threonine ACA (Fig. 4 and 6 ).
Deleting or modifying these codons increases translation efficiency ( Fig. 3 and 6B) . The influence of rare codons on gene expression is well documented in lower organisms such as Escherichia coli, in which rare arginine codons downregulate translation significantly (9, 23, 49, 63) . Less is understood about the function(s) of rare codons and tRNA pools in higher eukaryotes, although it is known that amino acid deprivation can slow protein synthesis and either increase or decrease mRNA half-lives. For example, albumin mRNA is destabilized in a tryptophan-depleted rat hepatoma cell line We do not fully understand why the 5Ј segment of the c-myc CRD influences translation and mRNA abundance to such an extent (Fig. 2, 3, and 7) , because other segments of the CRD also contain rare codons. Perhaps pausing results from some special property of the arginine and threonine codons, such as their contiguity. Codon contiguity can accentuate translational pausing in lower organisms (40) .
c-myc CRD as a bipartite mRNA instability element: bipartite CRDs in other mRNAs. Our data also suggest that the CRD is bipartite (Fig. 8A) . The first 72 nucleotides contain the codons that induce pausing. The downstream 177 nucleotides contain sites for CRD-BP binding and endonuclease cleavage. The bipartite nature of the CRD could explain why GM1638-1778G mRNA is relatively abundant in cells (Fig. 7A) . This mRNA includes the translation pause sites but lacks almost half of the CRD. It might undergo translational pausing but not rapid degradation, because it is a relatively poor endonuclease substrate. Two observations support this idea. (i) The endonuclease cleavage sites appear to be compromised in GM1638-1778G mRNA. A major in vitro cleavage site maps upstream of nucleotide 1778 (28) . The same cleavage site plus four additional sites were observed in murine erythroleukemia cells (15) . Two of the additional sites (at nucleotides 1754 and 1771) are close to the 3Ј end of the 1638 to 1778 segment, while the third site (nucleotide 1819) is deleted from GM1638-1778G mRNA. (ii) The secondary structure of the CRD, which might play a role in endonuclease recognition, is disrupted in GM1638-1778G mRNA. A stem-loop element comprising nucleotides 1705 to 1790 was identified by chemical and enzymatic mapping of the CRD (unpublished observations). This stem-loop is essential for CRD-BP binding and, as determined by the Mfold RNA-folding program (33, 65) , is disrupted in GM1638-1778G mRNA. Disruption of this secondary structure might also reduce endonuclease cleavage and thereby stabilize the mRNA.
Other mRNAs contain bipartite coding region stability and translation determinants. MAT␣1 mRNA of S. cerevisiae contains a 65-nucleotide instability element with rare codons in its 5Ј half and an AU-rich element in its 3Ј half (7, 17, 36) . The rare codons, the AU-rich element, and translation of the determinant are necessary for maximal mRNA destabilization. Therefore, the MAT␣1 and c-myc CRDs share several important properties, but they function in different ways. The MAT␣1 CRD mediates mRNA deadenylation and decapping (7, 17) . The c-myc CRD does not accelerate deadenylation and decapping (59) but is a proposed endonuclease target (28) . c-fos mRNA contains a Ϸ320-nucleotide CRD (47) that functions as an instability element only if it is translated (44) . However, the c-fos CRD differs in several ways from the c-myc CRD: (i) it is recognized by virtue of its sequence or structure (57) , and (ii) it promotes accelerated deadenylation, not endonucleolytic decay (14) .
AU-rich element, CRD, and alternative pathways for c-myc mRNA decay. We and others have described two alternative pathways for c-myc mRNA destruction, either 3Ј to 5Ј (deadenylation dependent) or endonucleolytic (3, 5, 19, 27, 52, 59, 62) . Each pathway presumably depends on an instability determinant, the AU-rich element or CRD, respectively. We do not understand the conditions required for activating either pathway or for regulating the association of the CRD-BP with c-myc mRNA. Presumably, the CRD-BP functions primarily or exclusively in fetal and neoplastic cells, because the CRD-BP is abundant in fetal tissues, many cell lines, and some tumors but is scarce or absent in normal adult tissues (29, 43) .
Results reported here and elsewhere suggest three situations during which the CRD-BP might play an important role: starvation, embryonic cell differentiation, and mitosis.
(i) Starvation. Arginine/threonine scarcity might induce ribosome pausing in starved fetal or neoplastic cells. If the CRD-BP blocked rapid c-myc mRNA destruction, cells would maintain a pool of c-myc mRNA to allow growth and differentiation to resume without a significant lag when amino acids were replenished.
(ii) Differentiation. c-myc mRNA is degraded via a deadenylation-dependent pathway in undifferentiated HL60 cells but is degraded quite rapidly by an endonucleolytic pathway when cells are induced to differentiate (52) . When myoblasts differentiate into myotubes, c-myc mRNA is downregulated in a translation-dependent manner that requires determinants in coding regions from exons 2 and 3 (61), which include the CRD. These data suggest that undifferentiated cells require abundant c-myc mRNA to replicate but must degrade c-myc mRNA rapidly to differentiate. Perhaps the CRD-BP plays a role in rapid c-myc mRNA degradation during fetal cell differentiation.
(iii) Mitosis. Transcription and translation are inhibited by approximately 75% between prometaphase and telophase (37) . In late telophase or shortly thereafter, transcription and translation rates return to normal (G 1 ) levels. Perhaps the CRD-BP is essential to stabilize c-myc mRNA during mitosis and thereby to preserve it as cells enter the next G 1 phase. Since the c-myc mRNA half-life is 30 to 60 min, its levels might decrease by 10-fold or more by the end of mitosis were the mRNA not stabilized through the transcriptional-translational block of M phase (41) . The deficiency in c-myc mRNA and, by inference, c-Myc protein might have deleterious effects as cells entered the next G 1 phase.
In summary, stabilizing the mRNA during periods of translation arrest induced by starvation or mitosis might be a significant benefit to cells. Additional experiments are required to test these models.
